Compared to oxygen isotopes, the carbon isotope composition of biogenic carbonates is less commonly used as proxy for palaeoenvironmental reconstructions because shell δ 13 C is derived from both dissolved inorganic (seawater) and organic carbon sources (food), and interactions between these two pools make it difficult to unambiguously identify any independent effect of either. The main purpose of this study was to demonstrate any direct impact of variable food supply on bivalve shell δ 13 C signatures, using low/high rations of a 13 C-light mixed algal diet fed to 14-month-old (adult) cultured Japanese Crassostrea gigas under otherwise essentially identical in vitro conditions during 3 summer months (May, June and July 2003, seawater temperature means at 16, 18 and 20°C respectively) in experimental tanks at the Argenton laboratory along the Brittany Atlantic coast of France. At a daily ration of 12% (versus 4%) oyster dry weight, the newly grown part of the shells (hinge region) showed significantly lower δ 13 C values, by 3.5‰ (high ration: mean of −5.8±1.1‰, n=10; low ration: mean of −2.3±0.7‰, n=6; ANOVA Scheffe's test, p<0.0001). This can be explained by an enhanced metabolic activity at higher food supply, raising 13 C-depleted respiratory CO 2 in the extrapallial cavity. Based on these δ 13 C values and data extracted from the literature, and assuming no carbon isotope fractionation between food and shell, the proportion of shell metabolic carbon would be 26±7 and 5±5% for the high-and low-ration C. gigas shells respectively; with carbon isotope fractionation (arguably more realistic), the corresponding values would be 69±14 and 24±9%. Both groups of cultured shells exhibited lower δ 13 C values than did wild oysters from Marennes-Oléron Bay in the study region, which is not inconsistent with an independent influence of diet type. Although there was no significant difference between the two food regimes in terms of δ 
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18
O shell values (means of 0.1±0.3 and 0.4±0.2‰ at high and low rations respectively, non-significant Scheffe's test), a positive δ 13 C vs. δ
O relationship recorded at high rations supports the interpretation of a progressive temperature-mediated rise in metabolic activity fuelled by higher food supply (in this case reflecting increased energy investment in reproduction), in terms not only of δ 13 C (metabolic signal) but also of δ

Introduction
Compared to oxygen isotopes, the carbon isotope composition of biogenic carbonates is less commonly used as proxy for palaeoenvironmental reconstructions for aquatic systems, a problematic issue recently discussed by, for example, Geist et al. (2005 Geist et al. ( , 2006 , Schöne et al. (2006) and McConnaughey and Gillikin (2008) . Shell δ 13 C is derived from both dissolved inorganic carbon (DIC) and organic carbon sources (food), the latter being incorporated into the shell via the metabolic pathway (e.g. Killingley and Berger 1979; Arthur et al. 1983; Krantz et al. 1987; McConnaughey 1989; Wefer and Berger 1991; Klein et al. 1996; McConnaughey et al. 1997) . Complex interactions between these two pools make it difficult to unambiguously identify any independent effect of either in the formation of biogenic carbonates ( Fig. 1) . Thus, δ 13 CDIC is controlled by the ratio between photosynthesis and the rate of oxidation of organic matter, whereby the former favours 12C incorporation into algal biomass, leading to a higher δ 13 CDIC in seawater (McKenzie 1985; Hellings et al. 2000 Hellings et al. , 2001 . Other important interactions are with atmospheric carbon dioxide (e.g. Dettman et al. 1999 ) and continental and/or oceanic run-off (e.g. Salomons and Mook 1986; Surge et al. 2001) .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   3 For marine mollusc shells, models exist for the incorporation of dissolved inorganic carbon 67 (Arthur et al. 1983; Kirby et al. 1998; Khim et al. 2000; Surge et al. 2001) as well as of CO 2 68 derived from metabolism (Tanaka et al. 1986; Geist et al. 2005; Gillikin et al. 2007 ). 69
Although the major contribution of δ 13 C DIC is undeniable, this cannot explain metabolically 70 induced shell isotopic changes-so-called vital effects-for example, due to intrinsic control 71 anchored in ontogenesis (e.g. Wefer and Berger 1991). As shell growth slows with increasing 72 age, accompanied by an enhanced investment into reproduction, there is commonly an 73 increased incorporation of isotopically light metabolic carbon (C meta ) into the shell (cf. total 74 metabolism would increase with age/size), which results in a decrease in shell δ 13 C (Krantz et 75 al. 1987; McConnaughey 1989; Mitchell et al. 1994; Gillikin et al. 2007) . McConnaughey et 76 al. (1997) , Lorrain et al. (2004) and Gillikin et al. (2006) have reported that C meta is typically 77 less than 10% in the shells of marine molluscs but, more recently, Gillikin et al. (2007 Gillikin et al. ( , 2009 al. 1953; Killingley and Berger 1979; Jones et al. 1989; Kirby et al. 1998; Pierre 1999; 86 Andrews and Crowe 2000; Surge et al. 2001 Surge et al. , 2003 Schöne et al. 2003 Schöne et al. , 2004 Dettman et al. 87 2004; Gillikin et al. 2005; Lartaud 2007) . 88 Turner (1982) , then Wefer and Berger (1991) have reported the impact of shell growth as 89 such on the δ 13 C shell signal. This "kinetic effect" (Fig. 1 ) results in a preferential 90 incorporation of lighter carbon and also oxygen isotopes, which conducts to a combined 91 decrease in δ 13 C and δ
18
O (McConnaughey 1989; Mitchell et al. 1994) . Unlike for other 92 phylogenetic taxa, such as corals or some foraminifers (Berger et al. 1978; Emiliani et al. 93 1978; Duplessy et al. 1981; McConnaughey 1989) , carbon and oxygen incorporation into 94 mollusc shells does not seem to be strongly influenced by kinetic effects, which could be 95 suppressed by the lower pH and carbonic anhydrase at the calcification site (McConnaughey 96 et al. 1997; McConnaughey and Gillikin 2008) . 97
Metabolic activity is also modulated by extrinsic (environmental) factors potentially 98 influencing δ 13 C shell fingerprints, notably food availability (Fig. 1 ). To date, however, most1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 interest has focused on food type, rather than on the amount of food available (food supply as 100 such). 101
Using a food tracer (C 3 /C 4 plants) , De Niro and Epstein (1978) , Goodfriend and Hood (1983) (Riera and Richard 1996) . 149 The two tanks were thoroughly cleaned each 48 h and the water exchanged four times per day 165 (Delaporte et al. 2006 ). It therefore is highly unlikely that oxidation of organic matter by 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 6 bacterial activity would have produced any measurable change in 13 C DIC , which was not 167 monitored (but see below). The Argenton laboratory is situated further north along the coast, 168 near Brest; so, during the experiment, the average photoperiod and seawater temperature of 169 the Marennes-Oléron Bay area (16°C mean in May, 18°C mean in June and 20°C mean in 170 July) was artificially applied. Water salinity and oxygenation were maintained constant at 34 171 PSU and 90-100% respectively. Thus, it seems reasonable to assume that any effect of oyster 172 respiration on δ 13 C DIC would have been negligible. 173
At the end of the feeding experiment (July 2003), CN1 and CN3 specimens had mean shell 174 lengths of 7.1±0.4 cm (n=10) and 7.5±0.6 cm (n=9), i.e. very similar for the two experimental 175 groups. This is consistent with the previous findings of Enriquez-Diaz (2004) who 176 demonstrated that shell growth did not differ measurably between CN1 and CN3 specimens 177 cultured under our Argenton laboratory feeding experiment conditions (mean shell growth 178 rates of low-and high-ration specimens over 12 months were 2.3±0.2 and 2.0±0.3 cm year 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The complete isotope dataset for the six experimental C. gigas shells is reported in Table 3 in 226 the electronic supplementary material available online for this article. For the 17-month study 227 period (March 2002 -July 2003 , extending over three phases at summer-like, winter and then 228 spring-summer temperature regimes, the mean maximum seasonal range in δ 18 O signatures is 229 0.7±0.3‰. Shell-specific luminescence spectra and δ 18 O profiles are in generally good 230 agreement (Fig. 5 ). An oldest shell part (0 to 4-9 mm umbo length) corresponding to the 231 initial summer growth period (T>17°C) at the Bouin station can be distinguished in terms of 232 relatively low δ
18 O values (-0.6±0.2‰ for the combined dataset), followed by younger shell 233 material corresponding to subsequent winter growth (T=3-10°C) in the Marennes ponds ,1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 C is clearly different between the low-(CN1) and high-ration (CN3) shells (Fig. 6) C profile of each shell (Fig. 5) , the decrease in isotopic values is gradual and not correlated 262 with the beginning of the feeding experiment in the Argenton tanks. 263
For the youngest part of the shell (Argenton tanks), there is a positive linear correlation 264 between δ 13 C and δ 18 O for the high-ration CN3 shells (δ 13 C=3.16×δ 18 O-6.14, R 2 =0.79, n=10), 265
but not for the low-ration CN1 shells (R 2 =0.01, n=6, see Fig. 6 ). 266 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9   <heading2>δ 18 O in cultured Crassostrea gigas shells 269
The finding that both shell-specific luminescence spectra and δ 18 O profiles are in generally 270 good agreement with the "seasonal" variations in seawater temperature at which C. gigas was 271 cultured is consistent with the strong impact of physicochemical conditions reported for shell 272 isotopes in oysters, and other bivalves, notably temperature. Even a cursory glance at 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 CN3 specimens, associated with progressive decreases in both δ 18 O (seawater temperature 303 signal) and δ 13 C (metabolic signal) at the growing shell margin (cf. two of the three specimens 304 in Fig. 5 , and also see below). 305 306 <heading2>δ
13 C in cultured Crassostrea gigas shells 307
The similar shell δ 13 C values recorded during the Bouin station, Marennes pond, and 308
Argenton low-ration CN1 growth phases (-2.3±0.1, -1.5±0.2 and -2.3±0.7‰ respectively) 309 could be explained by a lack of strong differences in local δ 13 C DIC signatures between these 310 sites. δ because of lacking isotopic data on the different algal diets used for the rearing of spat and 324 juveniles, we cannot comment on why the Bouin station and the Marennes pond signatures 325 should also be lower. 326
Despite the lack of δ 13 C DIC monitoring during the Argenton feeding experiment, and as argued 327 in the Materials and methods, it is likely that δ 13 C DIC did not differ measurably between the 328 low-and high-ration treatments. We therefore contend that the significant decrease in shell 329 δ 13 C-by -3.5‰-recorded at high rations (CN3) of one and the same diet is due largely to an 330 enhanced metabolic activity, superimposed on a possible effect of diet as such. This is 331 consistent with the long-known effect of metabolism on the uptake of shell 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 incorporation causes decrease in shell δ 13 C (Tanaka et al. 1986 ): respiratory CO 2 , poor in 13 C, 337 is hydroxylated and transferred to the carbonate-secreting fluid in the extrapallial cavity (Mc 338 Connaughey 1989; Wefer and Berger 1991; Klein et al. 1996; McConnaughey et al. 1997) . 339 C meta can be assessed by an equation developed after Tanaka et al. (1986) In the case of the Argenton low-and high-ration experimental adult oysters, inferred 363 variations in metabolic activity would result largely from corresponding changes in 364 reproductive, rather than somatic growth (see Materials and methods). In addition to food-365 induced effects, there is independent evidence of increasing seawater temperature promoting 366 reproduction in oysters (e.g. Deslous-Paoli and Héral 1988; Chavez-Villalba et al. 2002) , 367 consistent with the positive δ 13 C vs. δ 18 O relationship observed in the high-ration shells. 368
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